ABSTRACT: In view of their exciting optoelectronic light− matter interaction properties, plasmonic−hot-electron devices have attracted significant attention during the last few years as a novel route for photodetection and light-energy harvesting. Herein we report the use of quasi-3D large-area plasmonic crystals (PC) for hot-electron photodetection, with a tunable response across the visible and near-infrared. The strong interplay between the different PC modes gives access to intense electric fields and hot-carrier generation confined to the metal− semiconductor interface, maximizing injection efficiencies with responsivities up to 70 mA/W. Our approach, compatible with large-scale manufacturing, paves the way for the practical implementation of plasmonic−hot-electron optoelectronic devices. KEYWORDS: hot carriers, plasmonic crystal, photodetectors, soft nanoimprint lithography, internal photoemission T he unique light−matter interaction properties endowed by the plasmonic character of free electrons in metallic nanostructures have motivated vivid research that during the last few decades found applications in a variety of fields such as biology, 1 chemistry, 2 medicine, 3 information theory, and quantum optics 4−6 or energy harvesting and photodetection.
T he unique light−matter interaction properties endowed by the plasmonic character of free electrons in metallic nanostructures have motivated vivid research that during the last few decades found applications in a variety of fields such as biology, 1 chemistry, 2 medicine, 3 information theory, and quantum optics 4−6 or energy harvesting and photodetection. 7−9 These plasmonic resonances give rise to photocurrent generation by decaying into highly energetic electrons, socalled "hot electrons", which are then emitted from the metal before thermalization and collected at the electrodes on the basis of the principle of internal photoemission. 10, 11 The field of hot-electron plasmonics has rapidly developed during the last years, 11−33 led by the interest in active optoelectronic devices with functionalities that emanate from their plasmonic character, such as a tailored spectral response, which are especially appealing for solar-energy harvesting, 11−19 and subband-gap visible or infrared detection. 20−27 The increase in hot-electron-based devices has also been fostered by the advances in associated nanofabrication technologies. Electron or ion-beam lithographies are currently used to fabricate prototypes that exploit the spectral tunability of plasmonic architectures. These devices have relied on nanoparticles, 11, 22 nanoantennas, 12, 20, 26 or gratings 24 to excite individually either localized plasmons or surface plasmon polaritons, whose relaxation eventually leads to the creation of hot carriers. This nanostructuring, required to address the spectral tunability in these devices, has hitherto relied on low-throughput, costly, and time-consuming lithographic processes. This may seriously limit the future potential of plasmonic−hot-electron optoelectronics because large-area and high-throughput manufacturing are requisites for energy-harvesting and large-area optoelectronic applications. 34 Here we report the implementation of plasmonic crystals (PC) as a novel platform for hot-electron generation. 35, 36 PCs, similar to their dielectric counterparts (photonic crystals), are periodically organized metallic architectures that present tunable optical responses by slight variations of their periodicity or topology, providing an excellent platform to control the bandwidth and operational regime of our hot-electron-based photodetectors. 37 The use of PCs allows for the concurrent excitation of different modes: those of the individual unit cells (localized surface plasmons), the ones derived from the periodic nature of the film (lattice modes), or the resulting strong interaction between them (hybrid modes). 38 We exploit herein this versatile platform for hot-electron-based photodetection. By employing this architecture, we were able to fabricate photodetectors with a tunable and multiband spectral response across the vis−NIR spectrum. By tailoring the mode interplay, we are able to access intense plasmonic resonances that with a confined hot-electron generation within a metal mean-free-path distance to the interface result in maximized hot-electron injection and responsivities up to 70 mA/W under applied bias. In this work, we provide an in depth analysis of the optical response of the architectures and the electrical performance of the derived photodetectors. Unlike in prior plasmonic−hot-electron devices, the fabrication of our detectors relies on soft nanoimprinting lithography (NIL):
39 a low-cost, large-area, and high-throughput nanostructuring technique that has already shown promising applications for surface enhanced Raman spectroscopy 36, 37 and photovoltaic light trapping among others. 34, 40, 41 Our approach paves the way for the implementa-tion of the proposed architecture on a large-scale for a vast variety of optoelectronic devices.
■ RESULTS
The plasmonic crystal photodetector is fabricated as follows: first, a 2D square array of cylinders is shaped in a photoresist via soft nanoimprinting using a prepatterned PDMS (polydimethyl-siloxane) mold. 39 Next, an indium-doped tin oxide (ITO) layer is sputtered, followed by a conformal TiO 2 coating and an ultrathin layer of alumina. The role of this layer has been previously reported 15 as a means of interface passivation with the associated reduction in dark current for photodetectors (Supporting Information section S1). On top of this, a gold metal film is deposited to finally result in a quasi-3D plasmonic crystal defined by the lattice parameter (L), gold pillar radius (r), and depth (d). (See Methods and Supporting Information section S2.) The final architecture of the PC-based photodetector is represented in Figure 1a . When illuminated from the bottom (glass/ITO), plasmonic resonances excited in the corrugated gold (also acting as top counterelectrode) decay into hot electrons that are injected into the TiO 2 layer and eventually collect at the ITO electrode. Several 9 mm 2 devices of different geometric characteristics were fabricated (r = 35 nm and L = 450 nm, r = 85 and L = 450 nm, and r = 35 and L = 550 nm). A photograph of an ITO-coated glass containing eight devices is shown in Figure 1b . The intense colors observable with the naked eye result from the different diffracted orders associated with the periodicity of each device. A cross-sectional scanning electron micrograph (SEM) of a device is shown in Figure 1c , where the conformal gold, titania, and ITO layers on the imprinted photoresist can be identified. The optoelectronic operation of our photodetector builds on the interaction of the quasi-3D plasmonic crystal with light: Photons, impinging from the ITO side, excite different modes in the metal. These resonances eventually lead to the creation of a population of hot electrons within its conduction band The tunability of the proposed architecture is illustrated in Figure 2a 
ext (1) where E ext is the external electric field. 42 These 2D maps help identify the type of plasmonic modes excited in the structure, namely: (i) Bragg−SPP modes, depending only on the diffraction condition imposed by the lattice parameter (L) as described by G, (ii) localized modes within each unit cell (in our case, a cylindrical metal pillar surrounded by different semiconducting shells) that are L-invariant, and (iii) the coupling of the collective lattice modes (i) with the individual resonances of (ii) that result in very strong hybrid resonances because the denominator in eq 1 tends to zero. 43−45 When the PC is composed of small cylinders of 35 nm radius (Figure 2a) , lattice modes dominate above λ = 850 nm. In the λ = 600−800 nm region, the SPP and the resonances of the pillars interact with each other, giving rise to strong hybrid modes intensifying the absorption of the gold at this energy range. Below λ = 500 nm, interband absorption in the gold is We then sought to experimentally assess the optoelectronic spectral response of plasmonic crystal photodetectors of different L and r. At a first approximation, the responsivity of these devices R(λ) is expected to follow the absorption in the plasmonic crystal A(λ), modified by the amount of electrons at each energy capable of overcoming the Schottky barrier as predicted by the Fowler theory:
where C is a fitting coefficient, 47 ℏω is the energy of the incident photon, and Φ b is the effective Schottky barrier height, which we estimated to be 0.68 eV from current−voltage measurements. (Full details on this calculation can be found in Supporting Information section S6.) The responsivity, measured under short-circuit conditions, is shown in Figure  2c −e. For L = 450 nm and r = 35 nm (Figure 2c , PC1), a broad band and intense response is obtained between λ = 500 and 700 nm, originating from the overlap of the different hybrid modes in this region. A weaker, narrower resonance appears at λ = 900 nm, corresponding to a lattice resonance of the plasmonic crystal. Below λ = 500 nm, predicted and experimental responsivities diverge as a consequence of the increasing contribution of the interband transitions, which would yield lower energy electrons, and the shorter electron mean free path.
48, 49 The responsivity of the device that is based on a plasmonic crystal with L = 550 nm (Figure 2d, PC2) shows different clear peaks, around λ = 500, 700, 800, and 900 nm. The origin of these peaks can be associated with the resonances indicated by a vertical solid line in Figure 2a . The first resonance, at λ = 500 nm, corresponds to the overlap of a lattice, Bragg mode, with the bulk gold absorption. As a consequence, generated hot electrons are expected to be located within the side of the cylinder and along a larger energy span. 50 This is in contrast to PC1, which displays a dip in responsivity despite the prominent contribution of interband transitions. For λ = 700 nm, localized and lattice modes give rise to a strong and narrow resonance. The peaks at longer wavelengths correspond to different lattice modes. Finally, the responsivity of the photodetector that is based on PCs with L = 550 nm and r = 85 nm is shown in Figure 2e (PC3) . A clear set of three broad resonances in the responsivity spectrum up to 1 μm is obtained as a consequence of the different resonant modes excited with this crystal configuration. The predicted responsivity profile, calculated from eq 2, is shown in each graph as a solid red line. The absorption spectra correspond to the vertical solid lines indicated in Figure 2a ,b (PC1, PC2, and PC3).
To gain insight into the nature of the different resonances and its implications for the hot-electron generation and collection process, we calculated the electric-field intensity profiles (Figure 2f ) and the generation rate profile Q, (Figure  2g ), defined as
for different modes. The field intensity profile for λ 1 = 500 nm spreads within the TiO 2 layer and the photoresist and extends into the metal plate and cylinder. The corresponding hotelectron generation spreads within the volume of the gold pillar (Figure 2g , left), but only a fraction of it is within a mean-freepath distance to the interface (15−20 nm). 51 This, in combination with the increasing interband contribution at these energies, accounts for the difference between the experimental and predicted responsivities in this wavelength range.
The resonance at λ 2 = 690 nm (Figure 2f , middle) presents clear high-intensity nodes bound to the Au/TiO 2 interface. In this case, the pillar cavity is in resonance with a lattice mode, which allows for the excitation of resonances along the cylinder wall and gives rise to much stronger electric fields reaching inside the metal. The hot-electron generation profile at this wavelength is strongly localized within the bottom of the pillar and mostly within the range defined by the mean free path (around 30 nm). It is therefore expected that this mode profile contributes more to the photocurrent of the device.
For λ 3 = 880 nm (Figure 2f, right) , the electric-field intensity is highly localized in the bottom of the Au pillar, with less penetration inside the metal. The resulting generation profile is even more confined in this case, which in combination with the more intense electric fields leverages the lower injection rates otherwise expected for electron energies into the NIR regime. 48 The optoelectronic response of the presented architecture can be further tailored by modifying other structural or material parameters. The refractive index of the semiconductor can be, for example, used as a leverage to tailor the spectral absorption. For a fixed geometry, this results in a metal absorption tunability, which spans across the vis−NIR spectrum, also showcasing the potential of these devices as a tool for active optoelectronic material sensing (Figure 3, left column) .
Variations in the TiO 2 coating thickness, and hence in the associated photonic crystal fill factor, can also be used as design parameter to tune the spectral response ( Figure 3 , right column).
We now turn to the optoelectronic characteristics of these structures as photodetectors. The dark-current voltage response, indicative of a Schottky junction between Au and TiO 2 , is shown in Figure S6 . Despite the high tunability offered by our plasmonic crystal architecture, responsivities under short-circuit conditions are still low for practical applications, a common drawback for plasmonic−hot-electron devices. The application of a reverse bias to the Au/TiO 2 junction, however, could in principle allow overcoming of the low injection yield because the associated decrease in the barrier height favors an increasingly efficient hot-electron injection. (See scheme depicted in Figure 4 .) Initially, the hot electron population spans between E f and E f + ℏω with a density described as N(E) = f(E) g(E) (where g(E) is the density of states in the conduction band of the metal and f(E) is uniform along [E f , E f + ℏω]. Under short-circuit conditions, only the fraction of those hot electrons that can reach the interface with enough momentum are tunneling candidates. We described this process by considering the energy-dependent mean free path and field profile as described in Supporting Information section S7. The situation changes under the application of a reverse voltage (V R ) as the barrier is modulated (Figure 5c ): Depending on the how the voltage drops across the Al 2 O 3 and TiO 2 layers (V 0,ins/sc at 0 V and increasing as determined by the series resistance contribution of alumina γ), the barrier profile is modulated as their conduction bands are pushed downward, facilitating injection (p inj = p i p t , where p t is the tunneling probability). As the reverse bias approaches ℏω, the injection probability can be substantially improved, reaching the 50% half-space emission limit.
To experimentally assess this improvement, the device responsivity as a function of reverse bias is shown in Figure  5a for different illumination wavelengths. We observe that absolute values are indeed increasing by orders of magnitude for increasing reverse bias. A higher fraction of the excited electrons can overcome the barrier, increasing responsivity as the reverse voltage increases. A similar behavior was also recently reported in MIM hot-electron devices. 26 Remarkably, Figure 4 . Hot-electron injection and barrier modulation. (a) Initially, the hot-electron population spans between E F and E F + ℏω with a density described as N(E). The hot-electron injection at short-circuit conditions is limited by the fraction of those that can reach the interface with enough momentum (blue-shaded area). We have modeled this according to energy-dependent mean free path in the probability p i . (b) The application of a reverse voltage (V R ) results in the modulation of the barrier: depending on the how the voltage drops across the Al 2 O 3 and TiO 2 layers (V 0,ins/sc at 0 V and increasing as determined by the series resistance contribution of alumina γ), their conduction bands are pushed downward, facilitating injection (p inj = p i p t , where p t is the tunneling probability). For more details, see Supporting Information section S7. (c) As the reverse bias approaches ℏω, p inj can be substantially improved reaching the 50% limit for half-space emission. both responsivity onset and saturation features depend on the energy of the excitation ℏω, as depicted for 406, 640, and 900 nm illuminations. As the hot electron population spans along E f and E f + ℏω, 48,52 higher energy excitations are consequently expected to produce responsivity onsets and saturations at lower voltages. This trend is experimentally confirmed in our case, where both onset and saturation voltages clearly depend on the illumination wavelength (as illustrated in the scheme in Figure 5c ). The observed trends are in agreement with the theoretical model of tunneling through a bias-dependent barrier introduced in Figure 4 .
The situation of low performance under short-circuit conditions can therefore be overcome by operating the devices under reverse bias. In the saturation regime, responsivities as high as 70 mA/W are within reach, being ultimately limited by the absorption of the structure and the emission of hot electrons. The corresponding external quantum efficiency (ratio of collected carriers to number of incident photons) in this case is 12%, yielding an estimate (Supporting Information section S9) for the internal quantum efficiency of up to 27% (ratio of collected carriers to number of absorbed photons). Given the injection probability obtained for this configuration, a plasmon−hot-carrier-generation efficiency of approximately 54% is estimated for the hybrid mode ( Table 1 ). The dynamic range characteristics of our devices are showcased in Figure S9 , where a linear response of the photocurrent as a function of incident power is shown, which suggests that within the collected electrons there are not nonlinear processes involved such as the collection of secondary excited electrons.
We present a robust and novel architecture for multispectral visible−infrared photodetection that is based on hot-electron injection from plasmonic crystals. Our approach combines the versatility of this platform, which allows us to tailor the optical response of the devices across the visible and near-infrared, with the large-area-compatible manufacturing enabled by soft nanoimprinting lithography. By tailoring the strong mode interaction between localized and lattice resonances, we manage to confine hot-electron generation within the metal mean free path. In such a way, a significant fraction of the excited carriers can be collected. Under reverse bias operation, our devices yield responsivities up to 70 mA/W and IQEs up to 27%. Under these conditions, this represents a significant performance improvement compared to prior reports in hotelectron photodetection, 27, 28, 53 making this platform a viable alternative for other well-established technologies for subbandgap photodetection that are based on internal photoemission, such as metal silicides (Supporting Information section S10). 54 The variation of parameters such as the refractive index of the different PC constituent materials can potentially give access to other spectral regions, such as short-and midwavelength infrared, as an alternative to toxic HgCdTebased photodetection 55 or even to long-wave infrared and THz. 56 Other areas such as photovoltaics or photocatalysis 31 can benefit from this architecture because it bridges the gap between large area, infrared sensitization, and high performance. Further development might rely on the study of specific plasmonic crystals with tunable optical band gaps or on the exploitation of plasmonic nonlinear processes associated with intense electric fields.
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■ METHODS Device Fabrication. Nanostructured electrodes were fabricated by nanoimprinting lithography. A polydimethylsiloxane mold (PDMS, 10:1 Sylgard 184) replicating a square array pattern from a silicon wafer (AMO gratings) was used as printing stamp. A UV-photocurable epoxy (SU8, Microchem) was spin-cast on top of ITO-coated substrates (Stuttgart University) to make 500 nm thick films. Samples were ethanolwetted and imprinted with the PDMS stamp. After imprinting, patterned resists were UV cured through a spatial mask defining square-imprinted regions of 9 mm 2 to improve its mechanical stability (λ = 360 nm, 15 min). Once the resists were exposed and developed, 40 nm of ITO was sputtered onto the substrates using an AJA sputtering system without masking so that the sputtered ITO was electrically connected to the commercial ITO-coated substrate. Finally, a 90 min annealing step at 200°C was carried out under inert atmosphere to improve the conductivity of ITO. A 60−80 nm layer of TiO 2 and a 0.5 nm layer of Al 2 O 3 were deposited by atomic layer deposition as previously described. 15 A 200 nm layer of gold was deposited on a Kurt J. Lesker Nano 36 Systemat a rate of 0. were deposited by atomic layer deposition (Savannah 200, Cambridge Nanotech). The role of the alumina coating is to passivate defects present on the titania surface as described elsewhere. 15 Water and trimethylaluminum were used as precursors of Al 2 O 3 with open valve times of 0.05 and 0.10s, respectively, followed by a 65 s pump time (1.1 A per cycle). The chamber was kept at 150°C during the deposition process. TiO 2 coatings were fabricated from water and titanium isopropoxide; valves were set to 0.015 and 0.065 s, respectively, followed by a 10 s pump time (0.025 A per cycle). The deposition chamber temperature was held at 200°C.
Metal Electrode. A 200 nm layer of metal was deposited on a Kurt J. Lesker Nano 36 systemat a rate of 0.5 Å s −1 for the first 30 nm and 1.5 Å s −1 for the remaining 250 nm at a base pressure lower than 2 × 10 6 mbar. Device Characterization. All device characterization was performed under ambient conditions. Current−voltage characteristics were recorded using a Keithley 2636 source meter. The spectral characterization was carried out by illuminating the devices with a Newport Cornerstone 260 monochromator, modulated by a 20 Hz chopper, and monitoring the shortcircuit current with a Stanford Research System SR830 apparatus. Over 200 spectrum traces were acquired and averaged for each measurement to avoid out-of-phase noise artifacts. The power of the monochromator was measured in intervals of 2 h with a set of Newport 818IR/UV reference photodetectors. Time-modulated illumination was achieved with a four-channel Thorlabs laser (406 nm source) controlled by an Agilent 33220A waveform generator or alternatively with a NKT Photonics supercontinuum laser source (640 and 900 Figures illustrating the role of the alumina layer in the electronic properties of the photodetectors, the fabrication procedure of the quasi-3D plasmonic crystals, FDTD simulations of the plasmonic crystal architecture and LSPR modes sustained by the Au pillars, the metal absorption dependence with the angle of incidence, barrier height estimation, a theoretical model for bias-dependent hot-electron injection, the estimation of the internal quantum efficiency, the study of the dynamic range of the PC based photodetectors, and a performance comparison with other technologies. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsphotonics.5b00149.
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